We determined model ages of mare deposits on the farside of the Moon on the basis of the crater frequency distributions in 10-meter-resolution images obtained by the Terrain Camera on SELENE (Selenological and Engineering Explorer) (Kaguya). Most mare volcanism that formed mare deposits on the lunar farside ceased at~3.0 billion years ago, suggesting that mare volcanism on the Moon was markedly reduced globally during this period. However, several mare deposits at various locations on the lunar farside also show a much younger age, clustering at~2.5 billion years ago. These young ages indicate that mare volcanism on the lunar farside lasted longer than was previously considered and may have occurred episodically.
We determined model ages of mare deposits on the farside of the Moon on the basis of the crater frequency distributions in 10-meter-resolution images obtained by the Terrain Camera on SELENE (Selenological and Engineering Explorer) (Kaguya). Most mare volcanism that formed mare deposits on the lunar farside ceased at~3.0 billion years ago, suggesting that mare volcanism on the Moon was markedly reduced globally during this period. However, several mare deposits at various locations on the lunar farside also show a much younger age, clustering at~2.5 billion years ago. These young ages indicate that mare volcanism on the lunar farside lasted longer than was previously considered and may have occurred episodically. U nraveling the volcanic history of the Moon is essential for understanding the origin and thermal evolution of the Moon. Mare basalts are the most common volcanic features on the Moon. However, absolute dating of mare deposits is nontrivial because it ultimately requires radiogenic dating of samples, and only a limited number of lunar samples returned by Apollo and Luna missions are currently available from a few locations on the near lunar nearside. A second method, measurements of crater size-frequency distribution with the use of remotely acquired images, is widely used to date planetary surfaces from which we do not have sample information. This method is based on the general paradigm that a newly created surface will accumulate craters with time (1-3). A considerable number of lunar maria have been dated by using image data from Lunar Orbiters and Apollo missions (4) (5) (6) (7) (8) (9) (10) ; however, precise age determinations of most maria on the farside have not been performed because of the lack of spatially high-resolution images (5) . Therefore, a systematic, high-resolution mapping of the entire lunar surface, particularly the farside, is one of the primary objectives of the SELENE (Selenological and Engineering Explorer) (Kaguya) mission.
The Terrain Camera (TC) carried on SELENE is a panchromatic push-broom imager with two optical heads (TC1 and TC2) to acquire stereo data for the entire surface of the Moon (11). The TC is an optical part of the Lunar Imager/ Spectrometer (LISM) (11, 12) . The slant angles of TC1 and TC2 are T15°, relative to the spacecraft flight direction from the nadir vector. Each head has a linear charge-coupled device sensor of 4096 pixels. The instantaneous field of view is 0.00553°and the sampling interval is 6.5 ms, corresponding to 10-m cross-and along-track resolutions, respectively, on the lunar surface at the SELENE nominal altitude of 100 km. The width of the TC swath is 35 km in the normal-swath mode, which provides sufficient overlaps in TC data of sequential observations for producing mosaic images. By using the newly obtained TC data, we performed crater size-frequency distribution measurements for the mare deposits in both SPA and the Moscoviense basin (Table 1) . For each region, craters were manually counted using images on computers. Because age determination is sensitive to any contamination by secondary craters (13), we excluded areas covered by long shadows from higher terrains and occupied by obvious secondary craters based on their morphological characteristics, such as chain craters, elliptical craters, and clusters (14) . From these data, absolute model ages of conspicuous mare deposits on the farside of the Moon were obtained. Our results are complimentary to model ages of the nearside mare deposits, which have been studied extensively (8) (9) (10) .
We assume that a lunar crate size-frequency distribution (CSFD) can be expressed by the following polynomial for 100 m < D < 200 km proposed by (2, 3, 15) log 10 NðDÞ ¼ a 0 þ X 11 n¼1 a n ½log 10 ðDÞ n ð1Þ where D is the crater diameter in kilometers and N(D) is the number of craters with a diameter ≥D per square kilometer. We assigned commonly accepted values for the coefficients of a 1 to a 11 (2, 3) . By fitting an observed CSFD to Eq. 1, we derived the coefficient a 0 [where a 0 = log 10 N(1)], which gives the age t of the unit in billion years ago (Ga) by using the cratering chronology curve (2, 3, 15) The model ages from crater counts are principally limited by the statistic error (16) . The quality of the age determination thus improves statistically when the number of countable craters increases and craters are measured over a wide diameter range. In other words, acquisition of images with high spatial resolution and under favorable illumination geometries is crucial, especially for determining model ages of small and/or young areas, where only a few craters are visible in lower-resolution images. The high-resolution images from the TC that are taken at low sun illumination geometries are particularly suitable for dating small deposits such as those in the SPA basin. The statistical error of individual data points in our crater frequency measurements is mostly <20% (1s); the errors of ages based on the model (2, 3) are T0.02 Ga for >3.5 Ga, 0.01 to 0.03 Ga for between 3.2 and 3.0 Ga, and <20% for <3.0 Ga (8) .
The SPA basin is the largest and deepest impact basin on the Moon: more than 8 km in depth and extending~2500 km from the south pole to the crater Aitken, which is located 15°s outh of the equator (5) . Although a few ancient cryptomaria were observed within the basin (17) , based on stratigraphical analyses, most mare deposits in the SPA basin were thought to have formed during the late Imbrian epoch (3.85 to 3.8 Ga) (5, (18) (19) (20) (21) . On the basis of our CSFD measurements, we find that most mare deposits are late Imbrian in age (Table 1) (Fig. 1A) , which is the southernmost mare deposit in the SPA basin. The derived model age of this deposit is as young as 2.58 Ga (Fig. 2A) ; hence, it is substantially younger than the Imbrian-Eratosthenian boundary (3.2 Ga).
For several mare deposits, we can fit multiple production function curves to our CSFD, similar to observations of some maria on the nearside (22) . Apollo N, the easternmost mare deposit in the SPA basin, which has been previously classified as late Imbrian in age (5, 7, 18) , is used as an example. The CSFD (Fig. 2B) for craters larger than 700 m in diameter gives a 3.51-Ga model age of the deposit, which is consistent with previous interpretations (7). However, when we assess craters <500 m in diameter by taking advantage of the TC's high-resolution, we derive a second model age of 2.49 Ga (Fig.  2B ). It is difficult for this distribution to be generated by adding only a CSFD from an acceptable power-law distribution of secondary craters. A reasonable interpretation for the two distinct model ages is that Apollo N basalts have been formed by multiple eruptions, as observed for several maria on the nearside, including those in Oceanus Procellarum, Imbrium, and Tranquillitatis (22) . In our interpretation, this Apollo N area has been resurfaced by a basaltic eruption at~2.5 Ga, where the erupted lava did not completely obliterate preexisting craters on a deposit formed at~3.5 Ga. The data suggest the size of obliterated craters is less than several hundred meters. Thus, if we consider that the diameter-torim-height ratio of a typical lunar crater of <1 km is <0.05 (23), the thickness of the younger deposit can be estimated as <40 m.
Mare Moscoviense fills a part of the 550-km diameter Moscoviense basin (27°N, 146°E) (Fig. 1B) , which is in the northern hemisphere of the lunar farside. Within the mare, three units have been identified on the basis of color difference in the Clementine ultraviolet-visible multispectral images: (i) an oldest basaltic unit with low estimated FeO content in the southern part, (ii) a northwestern basaltic unit with low TiO 2 content, and (iii) an eastern younger unit with higher TiO 2 content (24). The southern unit appeared to be saturated for craters smaller than several hundred meters in diameter. Whereas the CSFD of the northwestern unit reveals a model age of 3.50 Ga, the eastern unit is younger and has a model age of 2.57 Ga (Fig. 2C) . The model age of the eastern unit for craters larger than 1 km is close to that of the northwestern unit, which we interpret to indicate that the eastern unit is superposed on an older unit of 3.50 Ga in age. Because of their similar model ages, we propose that the eastern (later) basaltic eruption might have spread over parts of the northwestern unit but did not completely obliterate the previously formed craters on the underlying northwestern unit. We estimated the younger, uppermost unit is 30 to 50 m thick. Several other deposits on the farside show similar characteristics to those in Apollo N and Mare Moscoviense, indicating a potentially complex history of these farside deposits.
Frequency distributions of all estimated ages for maria on the lunar farside (Fig. 3A) from both our study (black bars) and previous studies (gray bars) (6) (7) (8) (Fig. 3B) , it appears that the global volcanic activity on the Moon declined markedly after 3.0 Ga. However, it is notable that some mare units on the farside show younger model ages clustered around 2.5 Ga (Fig. 3A) . Basaltic volcanism also continued on the nearside, but in contrast, the youngest model ages of basaltic unit extend to nearly 1.0 Ga in Oceanus Procellarum.
The global cessation of most lunar mare volcanism by~3.0 Ga suggests a similar early lunar thermal history for the nearside and farside. Thus, the internal structure of the Moon and its cooling and/or heating during this early period appear to be controlled by the same constraints on a global scale. In combination with previous CSFD analyses (9), our results indicate that the timing of the termination of mare basalt volcanism differs between the farside (2.5 Ga) and the nearside (1.2 Ga). This difference might be related to a larger crustal thickness on the lunar farside, which makes it harder for magma to reach the surface (25) , and/or a deficiency of heat-producing radiogenic elements on the farside as compared with the nearside (26) . It should be noted that the young mare deposits are widespread throughout the farside, from the Moscoviense basin in the www.sciencemag.org SCIENCE VOL 323 13 FEBRUARY 2009 north to within the Antoniadi crater in the south. In addition, our data suggest these young basalts might have erupted during a late pulse of volcanic activities on the lunar farside near~2.5 Ga. Alternatively, the lack of observed farside volcanism between 2.5 and 3.0 Ga might merely be explained by continuous superposition of younger deposits. , derived by fitting a polynomial proposed in (2, 3) to observed CSFDs.
‡Im, Imbrian mare materials; EIm, Eratosthenian-Imbrian mare materials. Fig. 3 . Histograms of the model ages of mare deposits on the farside (A), including those in Mare Moscoviense, the SPA basin, Tsiolkovsky (6), Mare Orientale (7), and Mare Australe (8) , and on the nearside (B), including those in Mare Imbrium, Serenitatis, Humorum, Tranquillitatis, Humboldtianum (8), Oceanus Procellarum, Mare Nubium, Cognitum, Insularum (9) , and Mare Fecunditatis (10) . Black bars indicate mare deposits, whose ages are newly determined by this study.
